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STUDIES ON THE PATHWAYS OF GLUCOSE RESPIRATION IN
CATTLE SKIN*
D. GILBERT, PH.D.t
In a previous communication (1) cwidencc was
presented showing that glucose and the products
of glycolysis can partially replace the cndogenous
respiratory substrate in cattle skin.
Two pathways for the oxidation of- glucose are
known in mammalian tissues, the first pathway
being conversion to pyruvatc by the Embdcn-
Mcyerhof pathway and terminal oxidation via
the Krebs cycle, the second being the pcntose
phosphate pathway. Many enzymes on these
pathways have been demonstrated in skin (2—6)
and both appear to be active in human skin (7).
The activities of these pathways in cattle skin
were studied by measuring the 14CO evolution
from glucosc-U-'4C and from glucose-I -14C, by
the assay of specific enzymes, and by isotope
dilution studies.
METHODS
Tissue preparations
Cattle skin slices were prepared, weighed and
incubated as described (1). For experiments on
tissue homogenates the slices were collected in
oxygenated KRPt at 00 C. and pressed between
filter papers to remove excess Ringer. They were
then homogenized at 00 in the medium specified
in two or three Potter and Elvehjem (8) homoge-
nizers of successively increasing closeness of fit.
Examination under the microscope showed that
few or no whole cells remained.
'4C Experiments
All distilled and glass distilled water used in
these experiments was rendered free from CO2
* From the Department of Zoology, University
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t Present address: Dept. of Biochemistry,St. John's Hospital for Diseases of the Skin,
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t The following abbreviations are used in this
paper:KRP
QO2
Versene
ADP
CoA
DPN
S.A.
Krebs Ringer Phosphate
pl 02 taken up per hour per mg. dry wt.
of tissue
Etbylene diamine tetra-acetate
Adenosine diphosphate
Co-enzyme A
Diphosphopyridine nucleotide
Specific (radio-) activity expressed as
c.p.m. per mg BaCO3 under the con-
ditions used, after correcting for self-
absorption.Received for publication March 8, 1961.
either by vigorous boiling or by passing it through
ion exchange resins (Deacidite FF and Bio-
deminrolit).
The respiratory CO2 was collected in 0.2 ml
carbonate free NaOH in the centre well of a conven-
tional Warburg flask; the NaOH was prepared by
diluting saturated NaOH with about 5 volumes of
water immediately before use.
After the incubation, the contents of the centre
well were transferred to a centrifuge tube and the
CO2 precipitated as BaCO3 by the addition of 1 ml
1% BaCh, 0.1% NH4C1. The precipitate was
washed twice with water and once with ethanol,
transferred in a small volume of ethanol to a
tared planchette and dried. The precipitate was
fixed by the addition of 0.05 ml artists' pastel
fixative (containing 0.45—0.50 mg solid) and dried
again.
The radioactivity was measured in a Tracerlab
SC 16 windowless counter with a continuous flow
of helium-quencher mixture (Geiger Gas). Self
absorption was corrected for.
In order to determine the radioactivity of the
labelled substrate, samples were oxidised to CO2
wita potassium persulphate in the presence of
silver nitrate and sulphuric acid at 70—75° C. (9).
The CO2 formed was trapped in 0.2 ml carbonate-
free NaOH and treated exactly as the samples of
respiratory CO2.
Enzyme assays
Succinoxidase aod cytochrome oxidase were
determined after the method of Schneider and
Potter (10).
Malic dehydrogenase was determined after the
method of Potter (11). Fumarase was dtermined
by substituting fumarate for malate in the malic
dehydrogenase assay. "Oxaloacetic Oxidase" was
determined after tbe method of Potter, Pardee
and Lyle (12).
Chemical analysis
Malic acid was determined polarimetrically by
the method of Krebs (13) The incubation was
stopped by the addition of 0.5 ml glacial acetic
acid, and the slices and incubation medium
homogenized with 1 ml sodium citrate, 4 ml 29%
ammonium molybdate and water to 10 ml. The
homogenate was centrifuged and the optical
rotation of the solution measured using a 2 dm.
light path.
Fumaric acid was determined after the method
of Racker (14). The incubation was stopped by
the addition of 1 ml 10% trichloroacetic acid,
and the slices and incubation medium were
bomogenized with water to 7 ml. The homogenate
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TABLE 1
The formation of "CO2 from glucose-U-'4C and
glucose-i -'4C
Slices were incubated for 3 hours in KRP
containing the substrate stated, at 370 with a
gas phase of 02. The concentration of substrate
was 0.01 M. The specific activity of glncose-IJ-'4C
was 769 27 cpm (5) and that of glucose-1-14C
was 1-142
-44 cpm (5).
Substrate
No.
of
Values
S.A. of CO,
(c.p.m./mg.
BaCO3)
Rate of Evolution
, '4COs
c.p.m./g.drywt./hr.
S.A. of substrate
Glucose-U-14C... 5 395 12 8.35 0.15
Glucose-1-4C. .. 5 496 35 6.87 0.55
TABLE 2
The initial rate of formation of 14C02 from
glucose-U-'4C and glucose-i -14C
The slices were incubated for 15 minutes in
KRP containing 0.01 M glucose labelled as de-
scribed in Table 1.
The respiratory COz was trapped in NaOH
containing some carrier carbonate in order to
give a convenient bulk of precipitate. Pairs of
samples from three animals were compared
directly.
Animal No.
1
2
3
Rate of Evolution of 'CO2
c.p.m./g.drywt./hr.
S.A. of substrate
From g1ucose-U-1C From glucosell4C
2.10 1.15
2.58 1.52
2.76 1.78
was centrifuged and the 0.D. at 240 mh deter-
mined.
RESULTS
Slices for experiments on the intact tissue
were weighed fresh, before incubation. The
tissue content of homogenates was determined by
estimating total N by the Keldah1 method. For
six typical samples of slices the ratio of wet
weight to dry weight was 3.69 0.06* and the
ratio of dry weight to total N was 6.34 0.07.
These factors have been used to express all
results on a dry weight basis.
* Where the mean of a number of values is
quoted, this is followed by the S.E.M. and also
by the number of values unless this has been given
elsewhere.
TABLE 3
Succinoxidase activity in cattle skin homogenate
Basic assay system: sodium phosphate p117.4,
3.3 X 10 M, cytochrome e 2.0 X 10 M; ho-
mogenate of cattle skin slices in glass distilled
water.
Additions QOs
None 0.38
Succinate5 )< 10M 1.39
Suecinate 5 X 10 M
Versene 3.3 X 10 M 1 45
Succinate 5 X 102 M
ADP 1.3 X l0M
MgC12 3.3 X 10 M
1.37
TABLE 4
Malic dehydrogenase and fumarase activities in
cattle skin homogenate
Basic assay system: sodium phosphate pH
7.4 2.67 X 10 M, sodium glutamate 3. 3 X 10 M,
nicotinamide 6.7 X 10 M, cytochrome c 2.0 X
10 M, DPN 4.7 X 10 M; homogenate of cattle
skin slices in 0.25 M sucrose.
Additions Q02
None 2.4
1-Malate 3.3 X 10 M 6.5
ADP 1.33 X 10—SM 2.7
1-Malate 3.3 X 10 M
ADP 1.33 X 10 M 7 2.
Fumarate 3.3 X 10 M 4.7
When cattle skin slices were incubated for 3
hours in KRP with glucose-1J-'4C or with glucose-
I -"C the specific radioactivity of the respiratory
CO2 was approximately half that of the sub-
strates (table 1). When incubation was carried
out for only 15 minutes, the rate of evolution of
14C02 was much lower than that over the first
hours (tables 1 and 2) and C-i contributed
significantly less to the respiratory CO2 than
did the rest of the molecule (table 2).
These results suggested that the Krebs cycle
was the main pathway for the oxidation of
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o FUMARATE UPTAKE
• MALATE ACCUMULATION
glucose in cattle skin, and that little or no glucose
is oxidized by the pentose phosphate pathway in
this tissue. Enzyme assays demonstrated the
presence of some of the Krebs cycle enzymes in
cattle skin.
The suecinoxidase QOs was 0.91 0.08 (4).
Neither the addition of Versene to remove inhibi-
tory heavy metals nor the addition of ADP as
a phosphate acceptor resulted in any stimulation
TABLE 6
The ratio of enzyme activity to tissue respiration
rate in skin and other tissues
The values in this table are calculated from
data presented above and in references (1), (2),
(10), (11), (15) and (16).
Tissue
QOs Enzyme ÷ Q02 Intact Tissue
.
.Cytu- Malic
chrome dehydro-
uxsdase genase
Cattle skin
Rat skin
Rat kidney
Rat liver
Rat brain
Rat spleen
Mouse liver
Mousebrain
0.31
0.98
5.1
3.4
1.9
2.3
—
—
4.0
6.5
15
15
16
20
—
—
1.7
—
2.1
4.0
1.1
—
4.4
1.3
of suecinoxidase (table 3). The malic dehydro-
genase Q02 was 5.1 0.5 (6) and that for fu-
marase was 3.3 0.7 (3). Malie dehydrogenase
activity was not increased by the addition of
ADP (table 4). The eytochrome oxidase Q02 was
12.3 1.2 (4).
However, when an attempt was made to
demonstrate the activity of the entire Krebs
cycle by the "Oxaloacetie Oxidase" assay no
activity was observed with cattle skin homog-
enates using oxaloacetate, isoeitrate or a-
ketoglutarate as substrates, nor with malate
even after the simnltaneous addition of pyruvate,
CoA, DPN and thiamine, although results
comparable with the published values (12) were
obtained with homogenates of rat kidney cortex.
TABLE 5
Isotope dilution between ytucose and fumarate
Experimental details were as described in Table 1, the activity of the labelled fumarate being 2,500
200 cpm/mg BaCO2 (mean of 6 determinations).
Labelled Substrate Unlabelled Substrate S.A. of Respiratory CO,(rpm 1mg Ba CO,)
0.01 M Glucose-T.J-54C
0.01 M Glucose-IJ-'4C
—
0.01 M fumarate
395 12 (5)
357 9 (3)
0.01 M Glucose-1-54C
0.01 M Glucose-1-4C
—
0.01 M fumarate
496 35 (5)
382 37 (4)
0.01 M Fumarate-1,4-55C
0.01 M Fumarate-1,4-'4C
—
0.01 M glucose
367 16 (6)
320 17 (6)
20
S
C
0
6S
30 60 90 120 ISO ISO
minutes
Fza. 1. The conversion of fumarate to malate
by cattle skin slices. Samples of cattle skin slices
weighing 100 2 mg. were incubated with 3 ml
KRP containing 0.01 M fumarate at 37° C. with
a gas phase of 0,. Flasks were removed for analysis
at the times indicated. As a check on the activity
of the slices the respiration rate was measured,
and this was normal. Zero time is the point at
which the first manometer reading was taken.
Two experiments were performed measuringfumarate and two measuring malate, for each
incubation time.
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The activity of fumarase can also be demon-
strated with intact cattle skin slices. The initial
rate was similar to that found in homogenates
and the zeaction approached equilibrium (13)
after 3} hours. (Figure 1). However, in experi-
ments where glucose and fumarate were present
together, no significant isotope dilution was
observed between these two substrates during
CO2 formation, although non-significant changes
in the expected direction were observed (table 5).
Fumarate-1 , 4-C contributed about 15% of
the respiratory CO2.
DIscussIoN
The failure to demonstrate the pentose phos-
phate pathway in cattle skin is surprising, since
this pathway has been demonstrated in human
skin by Freinkel (7). It is not clear whether this
is a true inter-specific difference or results from
the slightly different conditions used. (The
present work was performed in phosphate buffer
whereas Freinkel used bicarbonate buffer.)
In agreement with the results obtained by
Greisemer and Gould (2), who used homogenates
of rat skin slices, the succinoxidase and cyto-
chrome oxidase activities of cattle skin are much
lower, relative to the respiration rate of the intact
tissue, than are the corresponding values for
various organs of the rat (table 6). It would
appear that in cattle skin slices in vitro
cytochrome oxidase may be working at about
and succinoxidase about of their maximum
rates. (Succinoxidase contributes about one sixth
of the total oxidative activity associated with the
Krebs cycle, since there are three other oxidative
steps in the cycle and, at least to a first ap-
proximation, two oxidative steps in the formation
of the 2C fragment from most sources).
The ratio of malic dehydrogenase activity in
cattle skin to the respiration rate of the intact
tissues is similar to that observed in rodent
tissues (table 6), and there is a considerable excess
of this enzyme, and of fumarase, in cattle skin.
The failure of homogenates of cattle skin
slices to oxidize Erebs cycle intermediates in the
"Oxaloacetic Oxidase" assay system does not, of
course, prove the absence of Krebs cycle activity
in cattle skin in vivo. This assay system does not
supply all the co-factors required by the Krebs
cycle enzymes, and the enzymes themselves are
separated from the incubation medium by the
mitochondrial membranes. In order that activity
may be observed in this assay, the co-factors
which are not added must be retained within the
mitochondria, and those which are added must be
available to the enzymes.
The failure of fumarate to dilute the 14CO2,
arising from labelled glucose, formed during the
respiration of cattle skin slices in KRP is in-
teresting, in view of the rapid conversion of
fumarate to malate by the intact slices. A particu-
larly heavy dilution would be expected with
glucose-1-14C, whose label must be incorporated
into fumarate (and malate) before it can appear
in CO2 via the Krebs cycle, because of the asym-
metrical oxidation of citrate.
It is clear that the fumarase which acts on
fumaratc entering the slices from the medium is
different from that which acts on fumarate formed
within the mitochondria by the action of sue-
cinic dehydrogcnase. The considerable amount
of '4CO2 formed from added fumarate-l ,4-14C
does not necessarily arise during respiration; it
could result from the action of malic decar-
boxylase on malic acid. Such a mechanism would
also explain the failure of fumaratc to suppress
ammonia evolution by cattle skin slices (1).
In conclusion, it may be said that the evidence
presented above supports the hypothesis that
cattle skin slices respire added glucose via the
Krebs cycle, but raises doubts as to the ability
of the tissue to respire added fumarate.
sUMraAEv
1. Over the first 3 Uj hours about half the CO2
evolved by cattle skin slices in vitro is derived
from glucose.
2. Over the first 15 minutes C-i of glucose
contributes less to the repiratory CO2 than does
the rest of the molecule.
3. The levels of succinoxidase and of cyto-
chrome oxidase in cattle skin are low compared
with the overall respiratory rate. Malic dehydro-
genasc and fumarasc arc relatively more
abundant.
4. Cattle skin slices rapidly convert fumarate
to malate, but this process has litle or no effect
on the yield of '4C02 from labelled glucose.
5. Fumarate-1 ,4-14C contributes about 15%
of the CO2 evolved by cattle skin slices, but this
is not significantly affected by the presence of
glucose.
NOTE ADDED IN PROOF.
Evidence for the activity of the pcntosc phos-
phate pathway in rat skin incubated in KRP has
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recently been published. (Pomerantz, S. H., and
Asbornen, M. T.: Glucose metabolism in young
rat skin. Arch. Biochem. 93: 147, 1961). An im-
portant interspecific difference therefore appears
to exist between cattle skin and rat skin.
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